Abstract-Limitation of infarct size by ischemic/pharmacological pre-and postconditioning involves activation of a complex set of cell-signaling pathways. Multiple lines of evidence implicate the mitochondrial permeability transition pore (mPTP) as a key end effector of ischemic/pharmacological pre-and postconditioning. Increasing the ROS threshold for mPTP induction enhances the resistance of cardiomyocytes to oxidant stress and results in infarct size reduction. Here, we survey and synthesize the present knowledge about the role of glycogen synthase kinase (GSK)-3␤ in cardioprotection, including pre-and postconditioning. Activation of a wide spectrum of cardioprotective signaling pathways is associated with phosphorylation and inhibition of a discrete pool of GSK-3␤ relevant to mitochondrial signaling. Therefore, GSK-3␤ has emerged as the integration point of many of these pathways and plays a central role in transferring protective signals downstream to target(s) that act at or in proximity to the mPTP. Bcl-2 family proteins and mPTP-regulatory elements, such as adenine nucleotide translocator and cyclophilin D (possibly voltage-dependent anion channel), may be the functional downstream target(s) of GSK-3␤. Gaining a better understanding of these interactions to control and prevent mPTP induction when appropriate will enable us to decrease the negative impact of the reperfusion-induced ROS burst on the fate of mitochondria and perhaps allow us to limit propagation of damage throughout and between cells and consequently, to better limit infarct size. Key Words: mitochondria Ⅲ ROS-induced ROS release Ⅲ permeability transition pore T issue reperfusion after ischemia, although ultimately necessary for cell survival, is a "double-edged sword" because it is also associated with further damage, known as reperfusion injury. 1 Once the artery blockage is removed, blood flow-triggered reoxygenation aggravates the injury experienced during the ischemia, resulting in further cell damage. A similar process can be mimicked in experimental settings, eg, in isolated cardiomyocytes or neurons exposed to prolonged hypoxia followed by reoxygenation. The lack of oxygen results in a situation in which the restoration of circulation rapidly leads to oxidative damage through the induction of excess oxidative stress. Therefore, the improvement in tissue function and survival after reperfusion has often been substantially negatively affected by this damaging phenomenon.
T issue reperfusion after ischemia, although ultimately necessary for cell survival, is a "double-edged sword" because it is also associated with further damage, known as reperfusion injury. 1 Once the artery blockage is removed, blood flow-triggered reoxygenation aggravates the injury experienced during the ischemia, resulting in further cell damage. A similar process can be mimicked in experimental settings, eg, in isolated cardiomyocytes or neurons exposed to prolonged hypoxia followed by reoxygenation. The lack of oxygen results in a situation in which the restoration of circulation rapidly leads to oxidative damage through the induction of excess oxidative stress. Therefore, the improvement in tissue function and survival after reperfusion has often been substantially negatively affected by this damaging phenomenon.
Reperfusion-induced elevation in cytotoxic reactive oxygen species (ROS), mostly in and around mitochondria 2 (reviewed elsewhere 3, 4 ) can trigger opening of the so-called mitochondrial permeability transition pore (mPTP), that is accompanied by the immediate dissipation of the mitochondrial membrane potential, ⌬ m , with detrimental consequences for the affected mitochondrion (originally proven by Griffiths and Halestrap 5 ). We have developed a method to quantify the mPTP susceptibility to ROS induction in individual mitochondria inside intact cardiomyocytes. Using this method, we have demonstrated a phenomenon we call ROSinduced ROS release (RIRR), in which the mPTP induced by an elevated level of "triggering ROS" is followed by an additional ROS burst that occurs simultaneously with mitochondrial ⌬ m dissipation. 6 -8 Therefore, RIRR is responsible for a large fraction of the oxidative damage detected in cells after reperfusion, 7 and ROS rather than Ca 2ϩ appears to be the more important mPTP trigger in excitable cells such as cardiomyocytes and neurons. 9, 10 Occasionally, synchronous cycles of mPTP induction and closure, manifested as oscillations of the mitochondrial ⌬ m , are observed in groups of contiguous mitochondria. The propagation of RIRR-induced mitochondrial depolarizations through a large portion of a cell, and even spreading among neighboring cardiomyocytes, may result in pathological disturbances in excitability throughout the whole of the heart and contribute to lethal cardiac dysrhythmias. 7, 8, 11, 12 Cardiomyocyte survival after hypoxia/reoxygenation has been negatively correlated to the fraction of cellular mitochondria that undergo mPTP induction. 9 Furthermore, that agents such as diazoxide limit mPTP induction by increasing the mPTP-ROS threshold (resulting in cell protection) provides confirmatory evidence for the causative role of mPTP induction during ischemia/reperfusion injury. Ischemic/pharmacological preconditioning and postconditioning are probably the 2 most widely recognized methods of achieving such cell protection. These protective mechanisms are adaptive cellular responses to protocols that involve several brief cycles of ischemia/reperfusion applied either before a pro-longed ischemic insult or during the first moments of reperfusion. 13, 14 Intrinsic cell defense mechanisms triggered by various pharmacological interventions (reviewed elsewhere 15 ) or induced acidosis 10,16 -18 result in comparable levels of protection.
Activation at a variety of points along the various signaling pathways results in comparable levels of protection of cardiomyocytes from reperfusion injury. For example, ligand activation of a variety of cell surface receptors (such as adenosine, muscarinic, endothelin, angiotensin, bradykinin, etc) has been shown to be effective in cardioprotection, as has direct activation of their downstream mediator-enzymes, for example, protein kinase (PK)A, PKB/AKT, PKC, PKG, and glycogen synthase kinase (GSK)-3␤. Pharmacological activation of the putative mitochondrial ATP-dependent K ϩ channel (mitoK-ATP), as well as treatment with cyclophilin (CyP)-D ligands (eg, cyclosporin A [CsA] and sanglifehrin [Sf]A), also triggers similar levels of cell protection (reviewed elsewhere 15, 19 ).
Given the diversity of the upstream pathways, we hypothesized that there might be a mechanism that would serve to integrate these inputs and then convey the signal to the end effector, the mPTP. Recently we proposed that the most likely candidate for this point of convergence is GSK-3␤. 9, 19 This review brings together present knowledge related to the role of GSK-3␤ in cardioprotection. First, the molecular characterization of GSK-3, its physiological roles, and the complex regulatory network of this kinase will be discussed. The focus then shifts to the involvement of GSK-3␤ in cell protection: upstream protective signaling pathways that converge on GSK-3␤ and trigger cardioprotection are highlighted, as are the downstream targets of GSK-3␤ that act at, or in proximity to, the mPTP to increase the mPTP-ROS threshold, and based on available information, a model of the mPTP regulation by GSK-3␤ is proposed.
Regulation of GSK-3 Molecular Characterization
GSK-3 is a serine/threonine kinase that was originally identified as an enzyme that phosphorylates and downregulates glycogen synthase, the rate-limiting enzyme of glycogen metabolism. 20 Although subsequent work has shown that its role and importance extends far beyond intermediary metabolism, nevertheless, the original nomenclature remains in use. GSK-3 is highly evolutionarily conserved, present in every eukaryotic species examined to date, and has been implicated in a multiplicity of critical regulatory roles in a variety of cell types. GSK-3 is found in the cytosol, mitochondria, and nucleus of cells, 21 and Ϸ50 substrates have been identified. GSK-3 activity has been associated with many cell processes, including the regulation of multiple transcription factors, the Wnt pathway, nuclear factor B, endoplasmic reticulum (ER) stress, embryogenesis, apoptosis and cell survival, cell cycle progression, cell migration, etc (reviewed elsewhere 22 ). GSK-3 has been linked to a diverse variety of human disorders, including neurodegenerative diseases, sleep disorders, psychiatric disorders, stroke, diabetes, parenchymal renal disease, and cancer.
Two mammalian isoforms of GSK-3, ␣ and ␤, have been identified. They are encoded by distinct genes; expressed GSK-3␣ is 51 kDa, whereas GSK-3␤ is 47 kDa. The size difference is attributable to a glycine-rich extension at the N terminus of GSK-3␣. The 2 isoforms are highly homologous within their kinase domains (Ϸ98% identity) but share only Ϸ36% identity in the last 76 C-terminal residues. 23 GSK-3 from different species displays a high degree of homology. Unlike most kinases, GSK-3 is highly active in the basal state (ie, unstimulated cells) and usually exerts a tonic-negative, inhibitory effect on its downstream pathways, and becomes serine-phosphorylated and inactivated in response to stimulation of its upstream pathways. The ideal phosphoacceptor site for GSK-3 is a serine or threonine 4 residues upstream of an already phosphorylated hydroxyamino acid. 24 Phosphorylation within the amino-terminal domain of GSK-3␣ (Ser21) or GSK-3␤ (Ser9) results in enzyme inactivation of GSK-3 and, consequently, because of relief of its tonic inhibition, in activation of downstream targets. 25 Recently, it was demonstrated that p38 mitogen-activated protein kinase (MAPK)-dependent phosphorylation of Ser389/Thr390 (mouse/human) may also result in GSK-3 inhibition. 26 In resting cells, the active state of GSK-3 is correlated with autophosphorylation at tyrosine 279/216 (GSK-3␣/GSK-3␤, respectively) within the catalytic domain "T-loop." This tyrosine phosphorylation does not seem to be required for kinase activity but rather seems to increase its overall catalytic efficiency. 27 Relatively less is known about the respective functional roles of these two kinases. Despite their similar biochemical properties and substrate recognition, GSK-3␣ and GSK-3␤ are almost, but not always, functionally identical and interchangeable. For example, it has been proposed that GSK-3␣ might have a positive role in the build-up of amyloid-peptide in amyloid plaques, whereas GSK-3␤ might play a negative role. 28 A genetic knock-in approach (GSK-3␣ S21A knock-in and GSK-3␤ S9A knock-in mice) revealed a potential functional difference between the 2 isoforms in the heart during pressure overload. Based on this study, it was proposed that whereas Ser9 phosphorylation of GSK-3␤ might mediate pathological hypertrophy, Ser21 phosphorylation of GSK-3␣ might be involved in compensatory activation of cell proliferation in the heart. 29 Also, as will be discussed, GSK-3␤ but not GSK-3␣ is involved in cardioprotection. 9 Differential spatial/temporal distributions of these 2 GSK-3 isoforms have also been demonstrated. Because of its exceptional therapeutic potential, this multifunctional kinase has become an attractive target for drug development for more than a decade. Thus, a better understanding of the potentially unique roles of each isoform in response to stimulation of various signaling pathways is necessary.
Inhibitors
Three classes of GSK-3 inhibitors have been described: (1) cations that compete for the Mg 2ϩ binding site, (2) competitive inhibitors that act on the ATP binding pocket, and (3) noncompetitive inhibitors that interact with the substrate domain. Lithium ion is the best-known GSK-3 inhibitor and probably functions by competing with the binding of Mg 2ϩ , an essential enzyme cofactor. A number of potent and fairly selective small-molecule GSK-3 inhibitors have now been developed that do not discriminate between GSK-3␣ and GSK-3␤; most act as effective competitors at the ATPbinding site of these enzymes. Unfortunately, in many cases the ATP-binding pocket shares a high degree of homology across a wide range of protein kinases; thus, the specificity of these inhibitors is always a concern (reviewed elsewhere 30 ). The availability of X-ray crystallography data for GSK-3 has allowed rational drug design approaches to be used in the search for new inhibitors of these proteins. For example, structure-activity studies guided the development of 2,4-disubstituted thiadiazolidinones (TDZDs), the first ATPnoncompetitive GSK-3 inhibitor. 31 
Convergence of Distinct Cell Protection
Mechanisms via GSK-3␤
Cell Surface Receptors in Preconditioning/Postconditioning
Both ischemic preconditioning and postconditioning are known to be receptor-mediated (see elsewhere 15, 32 ). Downey and colleagues originally reported that ischemic preconditioning involves adenosine-A 1 receptor activation. 33 Activation of several other G i -coupled receptors before a prolonged ischemic insult can also trigger the preconditioned state. Recently, ischemic postconditioning has been linked to activation of several types of cell surface receptors, including adenosine-A 1 and bradykinin-B 2 receptors, 32, 34 and it has been accepted that postconditioning can also be achieved by treatment with a variety of drugs at the time of reperfusion, for example by adenosine (and its derivatives), bradykinin, opioids, norepinephrine, angiotensin, acetylcholine, erythropoietin, etc (see elsewhere 15, 35 ). In contrast to preconditioning, the relative timing of postconditioning to the evolving pathological process makes it feasible to be applied in clinical settings. Shortly after ischemic postconditioning was discovered, 14 its practical applicability had been successfully tested in pilot clinical trials on patients with acute myocardial infarction. Repeated short cycles of angioplasty balloon inflations/deflations at the stenosis site of the infarct-related artery, just before the final reperfusion stage, significantly decreased infarct size. 36, 37 Pharmacological alternatives to ischemic postconditioning, with the mPTP being the primary target of intervention, are currently under development. In a small clinical trial, a single bolus of CsA, administered just before primary reperfusion, yielded encouraging results with respect to reducing infarct size. 38 There may also be a critical role for controlled acidosis at the time of reperfusion (discussed later 16 ). Therefore, the moment of early reperfusion provides a new opportunity for intervention to reduce infarct size and potentially to improve clinical outcomes. The success of postconditioning with catheter reperfusion, CsA, and acidosis is very promising and a niche for future research to safely and efficiently engage protection against reperfusion injury. Whether or not GSK-3␤ or other enzyme cascades are involved in these latter protocols (ie, CsA, acidosis), which probably involve some form of "direct" mPTP desensitization, remains to be determined.
Diverse Signaling Induces the Preconditioned/Postconditioned State
The various surface receptor agonist-mediated signal transduction pathways involved in cell protection include at least the following kinases (singly, or in combination, depending on circumstances): phosphatidylinositol 3-kinase (PI3K)/AKT/PKB, PKC, PKG, p70S6K, extracellular signal-regulated kinase (ERK)1/2, MAPK, and GSK-3␤ (reviewed elsewhere 15, 19, 39, 40 ). Early on, the putative mitoK-ATP emerged as a mediator or a possible end effector of preconditioning. Pharmacological activation of the mitoK-ATP (eg, using diazoxide at an appropriate dose, as well as many others) was shown to induce a protective state sensitive to inhibition by mitoK-ATP blockers such as 5-hydroxydecanoate (5-HD) and glybenclamide. 41, 42 In isolated cardiomyocytes, using only glucose, treatment with diazoxide, acting presumably via mitoK-ATP, was associated with an increase in oxygen consumption, regulatory mitochondrial swelling, and the production of a redox-signal; furthermore, these actions of diazoxide were abolished by 5-HD. 9 In the control experiments, 5-HD itself, absent diazoxide, had no effect on any of these parameters, 9 suggesting the likely specificity of its action under these conditions rather than the nonspecific interference with ␤-oxidation (which should play little if any role when glucose is the only oxidative substrate present), possibly seen in other experimental conditions in isolated mitochondria. 43, 44 Importantly, both ischemic preconditioning/postconditioning and diazoxide-induced protection are blocked by the ROS scavenger N-acetylcysteine, 45, 46 and these processes appear to act via redox activation of PKC. 9, 32, 47, 48 Presently, it is accepted that activation of NOS, or the application of "NO donors" induce cell protection. 7, 49, 50 These studies demonstrated that not only ROS but also reactive nitrogen species can play a "second messenger" role in the signal transduction cascade involved in certain forms of cell protection.
mPTP Is a Key End Effector of Cell Protection
The mPTP was first described as a phenomenon by Hunter and Haworth in a pivotal work published in 1979. 51 Soon, it became evident that the mPTP is a significant player in cell death during reperfusion injury and that drugs such as CsA, acting directly on presumptive components of the mPTP, could exert a cardioprotective effect. 52, 53 Furthermore, transient acidosis, apparently also acting directly on mPTP components/regulatory elements, 18,54 increases mPTP-ROS threshold, 10 and decreases infarct size (e.g., 16, 17 ). It should be pointed out that these approaches, likely acting at or near the mPTP, probably do not (necessarily) involve an elaborate (or even any) kinase cascade. On the other hand, ischemic preconditioning/postconditioning as well as various drugs that involve one or more kinase signaling pathways, have also been shown to promote cell survival by limiting mPTP induction. 9, 53, 55, 56 For the past 20 years, the more or less accepted dogma described the model of the mPTP as a proteinaceous complex comprised mainly of the voltagedependent anion channel, adenine nucleotide translocase, and cyclophilin D (VDAC-ANT-CyP-D) and also containing putative regulatory elements such as the peripheral benzodi-azepine receptor, Bcl-2 family members, hexokinase (HK)II, and mitochondrial creatine kinase (comprehensively reviewed by Crompton 57 ). Recent evidence strongly casts doubt on the validity of this classical model. Based on the genetic deletion of the presumptive individual "pore" components, ANT, VDAC, and CyP-D, 58 -64 it now appears that the core structure of the pore remains unidentified and that what were thought to be essential pore components are probably mPTPregulatory elements that are not required for pore formation (reviewed elsewhere 10 ). The role of phosphate and the inorganic phosphate carrier (PiC) in mPTP regulation has also been revisited in two recent studies. In one study, a new model for the mPTP was proposed in which a Ca 2ϩ triggered conformational change of the PiC (possibly providing the mPTP pore-forming component), facilitated by CyP-D, and possibly regulated by ANT-(Ϯligand)-binding, induces pore opening. 65 The second study highlighted the "mPTPdesensitizing" role of P i , specifically, the role of a P iregulatory site on the mPTP that is masked by CyP-D. Thus, blocking the CyP-D by CsA (or similar compounds) or CyP-D ablation, in the presence of P i , would result in mPTP desensitization. 66 This remains an interesting although controversial area of research.
Distinct Upstream Protection Signaling Mechanisms Converge on GSK-3␤
In 2002, the laboratory of Murphy showed that ischemic preconditioning results in Ser9 phosphorylation and hence inhibition of GSK-3␤ and that direct but isoform nonselective pharmacological inhibition of GSK-3 protects against ischemia/reperfusion injury and reduces infarct size. 67 Since then, extensive evidence implicating GSK-3␤ as a critical element in preconditioning and postconditioning has emerged. It was convincingly demonstrated that both preconditioning 9,67-69 and postconditioning 70 involve inhibition of GSK-3␤ and that administration of GSK-3 inhibitors 24 hours before ischemia (delayed protection), 71 shortly before ischemia (preconditioning), 67, 69, [72] [73] [74] [75] [76] or just before reperfusion (postconditioning) 69, 70, 73, 74, [77] [78] [79] resulted in reduced infarct size. Additionally, treatment of permeabilized cardiomyocytes with an active (nonphosphorylated) form of recombinant GSK-3␤ facilitates mPTP induction, an effect blocked by CsA or by addition of a GSK-3 inhibitor or by inactivating the GSK-3␤ via its preincubation with catalytically-active PKA (presumably by causing Ser9 phosphorylation). 80 Moreover, substantial evidence implicates GSK-3␤ as the critical mediator of pharmacological pre-and postconditioning triggered by diverse agents applied before ischemia or at reperfusion. Such examples include cardioprotection induced by opioid agonists, 73, 74 erythropoietin, 69,81,82 phosphodiesterase-5 inhibitor sildenafil, 50 poly(ADP)-ribose polymerase inhibition, 83 anesthetics propofol, and isoflurane, 84 -86 bradykinin, 79 A1/A2-adenosine agonist NECA, 77 exogenous Zn 2ϩ , 87 acute PKC␦ inhibition, 88 and PKC-activating peptides. 75 Several free radical-scavenging compounds, aside from scavenging ROS, could also activate prosurvival kinases acting through GSK-3␤ inhibition by its phosphorylation. 89, 90 Delayed protection triggered by lipopolysaccharide pretreatment, 91 as well as local adenovirus-mediated gene delivery of the vasoactive peptides, adrenomedullin 92 or kallikrein/kinin, 93 are also dependent on GSK-3␤ inhibition. It is noteworthy that cell protection mediated by GSK-3␤ inhibition is not limited only to the heart, because the existence of a similar network of prosurvival kinases that can confer cell protection via inhibition of GSK-3␤ has also been demonstrated in brain and kidney. 10,94 -96 To gain a better understanding of the mechanisms underlying signaling pathways that lead to cell protection, we had undertaken an extensive study of a range of different triggers and pharmacological agents that are known to induce a cardioprotective state. 9 We proposed that protection signaling could be separated into 2 main mechanistic categories ( Figure  1 ): "memory-associated signaling," which results in what is known as preconditioning that persists for hours beyond the exposure to the trigger, and "memory-lacking signaling," which results in relatively short-lived cell protection once the triggering agent (and likely the phosphorylation status of one or more key proteins) is cleared from the system. Ischemic and pharmacological preconditioning (the latter induced by, for example, mitoK-ATP-openers, Na/H exchange inhibitors, ␦-opioids, bradykinin, adenosine, or leptin), via complex kinase cascades (which include AKT, endothelial nitric oxide synthase, NO, PKG, and PKC; reviewed elsewhere 15, 97 ), both trigger memory-associated signaling that is accompanied by mitochondrial influx and/or retention of K ϩ , subsequent mitochondrial regulatory volume swelling (of merely Ϸ2% to 4%), slight-to-moderate activation of respiration and production of ROS at levels serving as a local redox signal. 9, 98 This ROS (ie, redox) signal in turn activates a local pool of PKC, which in turn transmits the signal downstream to a local GSK-3␤ pool. In addition to its downstream effect on GSK-3␤, we proposed that this PKC signal also serves to maintain the memory of the process in a positive feedback loop by sustaining the activation state of the mitoK-ATP (Figure 1 ). 9 The experimental evidence to support this latter notion was for the first time demonstrated by Marbán and colleagues. 99 Therefore, mitoK-ATP could act as both activator and mediator of the cell protection. Consequently, phosphorylation-induced inactivation of the "mitochondria-associated" GSK-3␤ pool (which is but a small fraction of the entire cellular pool) transmits a downstream signal that results in protection by increasing the mPTP induction ROS threshold 9 (reviewed elsewhere 100 ).
Alternatively, memory-lacking signaling induced by, eg, insulin, insulin-like growth factor, glucagon-like peptide-1, ␤ 2 -adrenoreceptor activation, Li ϩ and small molecule GSK-3␤ inhibitors, erythropoietin, and probably estrogen results in activation of one or more of the multiple signal transduction pathways, including PI3K, PKA, PKB/AKT, PKG, PKC, and their downstream targets including GSK-3␤. 9 Recently, exogenous zinc was added to the list of agents exerting PI3K-GSK-3␤-mediated cardioprotection. The effect of Zn 2ϩ was not blocked by 5-HD, 87 suggesting independence from mitoK-ATP mechanisms and that memorylacking signaling might be involved. Memory-lacking protection signaling is not associated with regulatory mitochondrial swelling; however, it still requires the convergence of multiple signaling pathways that result in increasing the mPTP-ROS threshold. Certain drugs (eg, adenosine) probably trigger elements consistent with both types of protection. 9 Experiments using Li ϩ and other small-molecule GSK-3 inhibitors, as well as GSK-3␤ gene manipulation (knockdown and signal-resistant transgene expression) studies, demonstrate that GSK-3␤ specifically is the point of integration for all the types of signaling tested. We concluded that both the memory-associated and the memory-lacking protection require GSK-3␤ and that this enzyme, located proximally (in the sense of a signaling cascade) to the mPTP complex, acts as a master switch to convey a multiplicity of protective signals to their final point, the mPTP. 9 Whether other kinasesignaling cascades can bypass this intersection under ordinary circumstances (ie, in non-genetically altered backgrounds, which are unlikely to be confounded by unusual adaptations) remains to be determined.
Considerable and mounting evidence, summarized in this review, supports the key role of GSK-3␤ in cell protection. However, 2 recent articles question the significance of the prosurvival kinases, including the importance of GSK-3␤ inhibition, in cell protection. 101, 102 Based on the analysis of the phosphoprotein levels in the mitochondria isolated from preconditioned hearts it was concluded that protein kinasemediated (including GSK-3␤-mediated) changes in mitochondrial phosphoprotein levels may not be required for the preconditioning-induced inhibition of the mPTP but rather that preconditioning-induced reduction in oxidative stress is responsible for mPTP inhibition. 101 In the second work, although postconditioning conferred significant cardioprotection, detected levels of phosphorylated PKB/AKT, ERK1/2, p70S6K, and GSK-3␤ in whole-tissue extracts from pig hearts were not significantly different between the postconditioned and control groups. 102 The latter observation is in apparent contrast to a previous study also in pig heart, which reported that ischemic pre-and postconditioning induced significant increases (versus control) of the PKB/AKT, ERK1/2, and P70S6K phosphorylation (although only preconditioning and not postconditioning was cardioprotective). 103 Furthermore, there may be unique aspects to the postconditioning response in pigs versus other species.
These seeming contradictions related to the apparent role of kinases in cell protection might reflect some intrinsic methodological issues related to the studied phenomenon; for example, GSK-3␤ is a multifunctional kinase subserving discrete domain signaling functions across virtually all cell subcompartments, and the specificity of the stimulus would be achieved, at least in part, by selectively targeting/inhibiting the GSK-3␤ in regional compartments and microdomains. Whole-cell or -tissue lysate immunoblots would almost certainly but poorly resolve critical changes in mitochondrial subcompartments or other subdomains. 9 Indeed, we showed dramatically different whole-cell patterns of GSK-3␤ phosphorylation immunostaining comparing diazoxide, HOE694, and insulin, but with notable overlap in the region of the sarcomeric/mitochondrial microdomain, and each afforded similar levels of protection. 9 The antibody choice for detection of the Ser9-phosphorylated GSK-3␤ is also very important. We have tested different commercially available antibodies and have found significant differences in their ability to specifically recognize the phosphorylation status of the Ser9-GSK-3␤ yielding large differences in apparent signal strength on immunoblotting. Furthermore, regional differences in the total and phosphorylated GSK-3␤ levels have exchange, and agents that may increase K ϩ influx into mitochondria via other channels, such as BK Ca ). Consequent regulatory mitochondrial matrix swelling and increased respiration produce a redox signal resulting from moderately increased ROS production, which results in local PKC activation. Activated PKC, in turn, signals in a positive-feedback loop to mitoK-ATP, producing the system memory, which enables sustained (approximately hours of) inhibition of GSK-3␤ and consequent prolonged protection against mPTP induction. Memory-lacking protection (right) triggered by a multitude of cell surface receptor ligands or pharmacological agents causing activation of diverse signaling pathways (eg, PKA, PKB, PKC, PKG) that can bypass the mitochondrial volume-regulatory mechanism and still converge on GSK-3␤, resulting in relatively short-term protection of mPTP, determined, in part, by the duration of exposure to the triggering signal.
been reported (eg, persistently stunned region versus nonstunned region 104 or ischemic versus normal zone 73 ). Although the location is understandably critical, the importance of timing, duration of the signal, level of GSK-3␤ inhibition, and possible species differences also need to be stressed (reviewed elsewhere 105 ). Additionally, it has also been found that particularly rigorous tissue extraction procedures are required for unambiguous detection of GSK-3␤ phosphorylation. Preparation of extracts without such adequate precautions resulted in almost complete loss of protein phosphorylation, suggesting that the state of phosphorylation may be labile and/or transient and, hence, might be lost during certain mitochondrial isolation and purification protocols. 72 Consequently, in light of the considerable weight of evidence summarized in this review, it is entirely premature to dismiss the role of kinases in most forms of cell protection signaling. We should point out that the foregoing discussion does not necessarily apply to scenarios such as acute acidosis, CsA, or SfA exposures, which likely exert more direct effects on the mPTP (and on its proximal regulatory elements), as discussed elsewhere in this review.
Significance of GSK-3␤ Versus GSK-3␣
Because the available GSK-3 inhibitors are isoformnonspecific, genetic manipulation approaches have necessarily been applied to determine the respective roles of the GSK-3␤ and GSK-3␣ isoforms in cell protection. RNA interference-mediated gene silencing has been used as a tool to independently control individual GSK-3 isoform levels in rat neonatal cardiomyocytes. Silencing of GSK-3␤ resulted in cell protection, whereas comparably decreasing the level of GSK-3␣ had no such effect. 9 Similarly, silencing of GSK-3␤ in H9c2 cardiomyocytes increased cell tolerance against H 2 O 2 -induced cell death, whereas silencing of GSK-3␣ had no effect. 106 To confirm the unique role of the GSK-3␤ isoform in cell protection, transgenic mice (GSK-3␤-S9A) with cardiac-specific expression of a constitutively active, signal resistant form of GSK-3␤ were also used. Indeed, induction of both hypoxic and pharmacological preconditioning failed in myocytes isolated from animals with this signal-resistant form of GSK-3␤. 9 Similarly, ischemic postconditioning failed to reduce infarct size in GSK-3␤-S9A transgenic mice, whereas CsA, acting directly on the mPTPregulatory element, CyP-D, was still able to induce protection. 70 Additionally, in H9c2 myocytes transfected with constitutively active GSK-3␤-S9A, erythropoietin 106 as well as exogenous zinc 87 failed to protect cells against oxidative stress. In contrast, cell transfected with "kinase-dead" GSK-3␤-plasmids (K85M and K85R) were constitutively protected against oxidative stress. 87, 106 Experiments on transgenic mice overexpressing FrzA in cardiomyocytes under a conditional transgene expression approach further strengthen the importance of GSK-3␤ in preconditioning. FrzA/sFRP-1 is a secreted antagonist of the Wnt/Frizzled pathway expressed in the heart, and it is able to significantly decrease the phosphorylation of GSK-3␤ at Ser9 independently of the PI3K/AKT signaling pathway (instead it probably involves activation of the PKC pathway). Overexpression of FrzA blocked the preconditioning-induced phosphorylation of GSK-3␤, with a consequent increase in infarct size. 107 These examples provide additional strong support for the likely indispensable role played by GSK-3␤ in integrating a host of upstream protective signaling pathways and conveying their signals to downstream target(s) located proximal to the mPTP, with the outcome of increasing the mPTP ROS threshold.
Recently, a different mouse model was used in an attempt to verify the role of GSK-3 in cell protection. In these experiments, a genetically modified mouse with a knock-in of a signal-resistant GSK-3␣ and GSK-3␤ that cannot be phosphorylated on Ser21 and Ser9, respectively, was used. In contrast to the extensive evidence summarized above, in this instance, both preconditioning and postconditioning protocols were able to protect the heart of this homozygous GSK-3 double-knock-in mouse model. Therefore, in this particular mouse model, phosphorylation of GSK-3␤ on Ser9 was apparently not required for induction of protection. 108 However, some specific and unexpected systemic phenotypic alterations have been noted in this double knock-in model, possibly because of the pan-tissue (pan-cellular) expression of the knock-in transgenes. This unexpected set of phenotypes could result from the complex interplay of systemic changes initiated by and resulting from separate transgene-related perturbations of multiple organ systems feeding back and sensed throughout the body, causing further secondary and tertiary level changes likely unrelated to, and confounding, the primary transgene effect in a given tissue because it is not acting in isolation. The systemic alterations in the homozygous GSK-3 double knock-in mouse model include: significantly higher body temperature, blood pressure, food and water intake, fecal excretion, glomerular filtration rate, urinary flow rate, urine osmolarity, and urinary excretion of Na ϩ , K ϩ , and urea, 109 none of which is observed when the signal-resistant GSK-3␤ transgene expression is organ-restricted. It has been documented that inhibition of GSK-3␤ results in decreased expression of nephrin, a protein critically important for the integrity of the glomerular slit membrane 110 ; thus, it was expected that genetic knock-in of a signal resistant GSK-3 would be protective against glomerular injury. Surprisingly, instead, development of the glomerular injury with spontaneous proteinuria was observed. 111 Furthermore, in this specific model, additional discrepancies were found in studies focused on hepatic gene transcription. In the liver, insulin triggered GSK-3 inhibition (ie, phosphorylation of GSK-3␣ and -␤ on Ser21 and Ser9, respectively) attenuates expression of the gluconeogenic genes, phosphoenolpyruvate carboxykinase, glucose-6-phosphatase, and insulin-like growth factor binding protein-1, whereas activation or overexpression of GSK-3 antagonizes the insulin effect. Surprisingly, in this insulin-insensitive double knock-in mouse regulation of gluconeogenic genes was similar to that observed in wild-type. 112 Because GSK-3 is involved in many different cell activities, the requisite specificities of these processes require a complex set of regulatory mechanisms, which, for example, involves balancing the activities of priming kinases and phosphatases. Indeed, Lipina et al 112 hypothesized that the lack of a clear phenotype in this double knock-in model could be attributed to "functional compensation" by the priming kinases and phosphatases. Interestingly, an alternative pathway for the GSK-3␤ inactivation has been demonstrated recently. The activity of GSK-3␤ can be potently suppressed by MAPK-dependent phosphorylation of Ser389/Thr390 (mouse/human). 26 Because p38 MAPK activation can induce cardioprotection, 113 this may explain both how p38-mediated protection operates in wild-type mice as well as how the knock-in mice may have developed alternative ways (eg, using p38 MAPK) to negatively regulate GSK-3␤ in the absence of the Ser9-regulatory site.
To resolve these apparent contradictions, found in multiple organ systems, with the vast array of data leading to the opposite conclusions from independent laboratories, further experimentation with this specific knock-in model and comparison with other models is necessary. As with many transgenic studies, unforeseen model-specific functional compensations might occur in a pan-cellular knock-in model that could mask or distort the anticipated phenotype resulting from the chronic absence of an inhibitable enzyme such as GSK-3 that participates in so many functions critical to cell development and homeostasis. Thus, in addition to the expected change(s) of function in each organ system attributable to its intrinsically altered genes, there are also likely potent extrinsic effects attributable to the complex interplay of systemic changes manifest by all of the altered organ systems on each other. Chronic adaptations in a given organ system thus represent the complex and likely unpredictable integration of both intrinsic and extrinsic systemic mechanisms that potentially confound interpretation. It is well recognized from previous biochemical or pharmacological studies that complex functions might be altered in a particular genetically modified mouse. 114 Region-specific and inducible knock-out may avoid some of the ontogenetic consequences inherent to conventional systemic knock-in/knockouts. 115 Although certain TG mouse adaptations under the circumstances described above may in some functional way substitute for "wild-type" GSK-3 signaling, at this point, the vast weight of evidence summarized in this review still supports that GSK-3␤ serves as the convergence point of at least a significant proportion of signaling pathways conveying the protection signal to the mPTP under ordinary circumstances.
Downstream Targets of GSK-3␤ Proximal to mPTP

Bcl-2 Family Proteins As the Downstream Targets of GSK-3␤
Recent publications in the field of cell protection reflect an intense search for the downstream molecular target(s) of GSK-3␤ and how they interact with the mPTP. For example, predicted GSK-3␤ phosphorylation motifs exist in Bcl-2 and the Bcl-2-binding protein Bis 9 (although others are likely to exist). Because the function of Bcl-2 is known to be regulated via phosphorylation, a decrease in phosphorylation of Ser70, Ser87, or Thr69, each of which is a potential target motif of GSK-3␤, may represent an activation signal that has been shown to increase the antiapoptotic effect in certain cell types. 116, 117 Additionally, in H9c2 cardiomyocytes, both the erythropoietin-induced inhibition of GSK-3␤ and a knock down of GSK-3␤ resulted in decreased mitochondrial translocation of the "proapoptotic" protein BAX. 106 It has also been reported that in hematopoietic cell lines, interleukin-3 withdrawal-induced apoptosis is caused by GSK-3␤ activation, which results in phosphorylation and degradation of the "antiapoptotic" Bcl-2 family member Mcl-1. 118 GSK-3␤-dependent phosphorylation and mitochondrial translocation of Bax has also been detected during neuronal apoptosis. 119 Similarly, overexpression of GSK-3␤ has been shown to augment staurosporine-induced apoptosis in the neuroblastoma cell line, an effect which could be blocked by Li ϩ . 21 Although the works cited above seem to imply that GSK-3␤ inhibition is typically prosurvival, it had been demonstrated that under certain conditions and in specific cell types, for example, involving recruitment of alternative members of the Bcl-2 family of proteins, GSK-3␤ inhibition could also have a proapoptotic effect (reviewed elsewhere 120 ). This typically applies for certain cancer cell lines that are characterized by apoptotic cell death (contrary to necrotic cell death, typically occurring, eg, after an infarction of heart or brain, and causally linked to mPTP induction 58, 63 ). For example, in melanoma cell lines, sorafenib-induced apoptosis was enhanced by pharmacological GSK-3␤ inhibition. In this work, sorafenib-induced GSK-3␤ activation resulted in downmodulation of the proapoptotic Bcl-2 family member Noxa, which in turn weakened the lethality of the drug. In this scenario, GSK-3␤ inhibition enhanced apoptosis by preventing downregulation of the proapoptotic protein Noxa, an effect that was accompanied by reduction in the levels of the antiapoptotic protein Mcl-1. 121 We have to emphasize that for the most part information regarding the relationship between GSK-3␤ activity and function of Bcl-2 family of proteins is based on studies concerning apoptotic cell death. It appears that GSK-3␤ inhibition plays a role in 2 mechanistically independent prosurvival effects, exerting both protection against stressinduced apoptosis and protection against necrosis. New data, based on experiments with the CyP-D knockout mouse, demonstrated that mPTP induction, in cells such as cardiomyocytes, is most likely relevant to necrotic cell death and not to apoptosis. 58, 60, 63 Although certain questions remain, it seems, nevertheless, prudent that future discussions related to the prosurvival role of GSK-3␤ have to discriminate between necrotic cell death pathways in excitable cells such as cardiomyocytes triggered by mPTP induction, and apoptotic death pathways typically studied in and relevant to various cancer cell lines.
Recent evidence supports the direct functional role of the Bcl-2 protein family in GSK-3␤-related cardiomyocyte protection against mPTP induction by ROS. 9, 10 A direct link between the induction of preconditioning to protect against ischemia/reperfusion injury and GSK-3␤ phosphorylationdependent modulation of mitochondrial Bcl-2 protein levels has been demonstrated. 72 PKG activation and enhanced phosphorylation of GSK-3␤, with a subsequent increase in the Bcl-2/BAX ratio, was implicated in preconditioning induced by inhibition of phosphodiesterase-5. 122 In addition to direct modulation of VDAC activity by phosphorylation, VDAC activity could be regulated by the binding of Bcl-2 family of proteins to VDAC. The conserved N-terminal homology (BH4) domain of BcL-x L has been shown to be necessary and sufficient in preventing apoptotic mitochondrial dysfunction and cell death in HeLa cells by directly binding to VDAC and blocking its activity. 123 A similar degree of protection, as achieved by different pharmacological agents, was obtained by using a peptide comprised of the BH4 domain of BcL-x L fused to the proteintransduction domain of HIV-TAT (TAT-BH4). TAT-BH4 could reduce infarct size and protect the heart against ischemia/reperfusion injury. 124 In a model of isolated cardiomyocytes, this peptide was also shown to increase the ROS threshold for mPTP induction. 9, 10 It has also been demonstrated that preconditioning of cardiomyocytes triggered by a Na ϩ /H ϩ inhibitor (HOE694) was attenuated by HA14-1, a small, cell-permeable nonpeptidic ligand that is thought to bind to the Bcl-2 surface pocket and block its biological action. Additionally, the enhancement of the mPTP ROS threshold triggered by either HOE694, insulin, or Li ϩ (each acting via separate upstream mechanisms but converging via GSK-3␤ inhibition) was each blocked by the BH3-peptide inhibitor of Bcl-2, a peptide derived from the BH3 domain of Bad that binds to Bcl-2 with high affinity, whereas a negative control peptide with only a single amino acid change (L151A), rendering it more than 1 order of magnitude less avid for Bcl-2 binding, was completely ineffective to block protection in parallel experiments. 10 Moreover, HA14-1 and additional small organic ligands (eg, BH3Is and chelerythrine) that share the ability to bind the BH3 domain of Bcl-2, specifically sensitized the mPTP to opening both in isolated mitochondria and in intact cells. 125 Correspondingly, hearts treated with GSK-3 inhibitors showed increased levels of VDAC-bound Bcl-2 in mitochondria 72 (see below). Thus, it was concluded that drugs acting upstream of GSK-3␤ (via PKC, PKB, P70S6-kinase, etc), as well as by direct inhibition of GSK-3, all appear to afford protection by altering the functional balance of BH4-and BH3-domain protein-related mechanisms (Figure 2) . 10 In conclusion, the examples listed above provide strong functional evidence for the role of the Bcl-2 family of proteins in preconditioning-induced cardioprotection. We propose that this would also likely hold true for postconditioning related mechanisms (although not necessarily in the case of the acute effects of acidosis or CsA, etc).
Regulatory Roles of CyP-D, ANT, and VDAC
The physical identity of the mPTP remains a mystery. In view of new evidence based on genetic knockout studies, ANT and CyP-D (and possibly VDAC) are now being recognized not as essential core components of the pore but rather as pore regulators (see above). Experiments on CyP-D knockout mice demonstrated that opening of the mPTP likely results in necrotic but not apoptotic cell death. 58, 60, 63 The ability of the CyP-D ligand CsA to desensitize the mPTP was lost in the CyP-D knockout mice. CyP-D possesses a peptidyl-prolyl cis-trans isomerase (PPIase) activity, which seems to play an important role in suppression of apoptosis 126 but is probably not involved in mPTP desensitization by CsA. 127 Therefore, depending on circumstances, CyP-D binding and its enzymatic activity may appear to play different roles depending on the mechanism and type of cell death. Probably, in tissues such are heart and brain, where reperfusion injury triggered mPTP is a central concern, inhibition of CyP-D by CsA or by related ligands has a protective role, whereas in cancer cells, PPIase activity of CyP-D is likely responsible for suppression of apoptosis (for a discussion, see elsewhere 128 ). Recently, an intriguing new model of mPTP regulation by CyP-D was put forth which highlighted the underlying protective role of P i . According to this model, the presence of CyP-D tends to prevent the intrinsic mPTP-desensitizing action of P i by blocking the P i -regulatory site on the mPTP (thus, CsA or genetic deletion of CyP-D may act by unmasking the direct mPTP-desensitizing action of P i ). 66 A highly conserved region of the VDAC protein, amino acids 51 to 55, represents a GSK-3␤ phosphorylation consensus motif. Experiments in HeLa cells showed that chemotherapeutic drug-induced cytotoxicity is increased by inhibition of the PI3K/AKT pathway that leads to activation of mitochondrial GSK-3␤, together with significant elevation of the levels of phosphorylated VDAC. VDAC phosphorylation by GSK-3␤ was associated with dissociation of HKII from VDAC and release of HKII from mitochondria. 129 Moreover, forced detachment of HKII from mitochondria by treatment of cells with a peptide that interferes with VDAC binding resulted in activation of cell death pathways, 129 an outcome that could be prevented by CyP-D and ANT inhibitors. 130 In particular, we found that HKII detachment substantially decreased the mPTP-ROS threshold in cardiomyocytes, whereas a control peptide had no effect. 130 Recently, it has been demonstrated that cardioprotection induced by GSK-3 inhibitors results in a significant decrease in VDAC phosphorylation along with increased levels of Bcl-2 in mitochondria and, specifically, increased Bcl-2 affinity for VDAC. Under these circumstances, transmission of the cardioprotective signal from GSK-3␤ to VDAC might be direct or mediated by phosphatases, as suggested by Das et al. 72 For example, the serine/threonine protein phosphatase (PP)2A (subunit B) possesses a predicted consensus site for GSK-3␤ phosphorylation. 9 It is plausible that GSK-3␤ regulation of PP2A adjacent to the mPTP complex site could also participate in transmitting the protection signal to downstream targets. Indeed, it was proposed that in 293T cells the cell death signal triggered by ceramide and staurosporine results in activation of PP2A in concert with inhibition of PKA/PKC and consequent dephosphorylation of BAD. The change in phosphorylation status of BAD modulates the interaction between Bad, BcL-x L , and VDAC that results in mPTP sensitization to Ca 2ϩ . 131 The search for the downstream targets of GSK-3␤ in mitochondria lead to the observation that in mitochondrial sucrose gradient fractions GSK-3␤ cosedimented with mPTP-regulatory/-associated proteins ANT and VDAC in the controls and that it also appeared as phosphorylated GSK-3␤ in the same fraction in insulin treated hearts. 9 In accordance with this finding, cardioprotection afforded by ischemic preconditioning in combination with infusion of erythropoietin resulted in increased levels of both total and phosphorylated GSK-3␤ in mitochondria. 82 In this study, coimmunoprecipitation experiments demonstrated that the preconditioned heart shows a significantly enhanced association of phosphorylated GSK-3␤ with ANT (but not with VDAC), together with decreased levels of CyP-D coimmunoprecipitated with ANT. The authors speculated that in the preconditioned heart, an increase in phospho-GSK-3␤ binding to ANT results in reduced affinity of ANT to CyP-D, with consequent suppression of mPTP opening and enhanced myocardial protection, 82 a mechanism supported by certain parallels to that observed with CsA. Furthermore, it has been demonstrated that oxidative stress results in increased binding of CyP-D to the mitochondrial membranes. 132 This is in agreement with the hypothesis that binding of mitochondrial CyP-D to ANT in the inner mitochondrial membrane tends to promote the mPTP. 133 Interestingly, though, apoptotic cell death, induced by forced detachment of mitochondrial HKII in fibroblasts, was associated with a decreased interaction between ANT and CyP-D 130 a scenario that might not extrapolate to mPTPrelated survival mechanisms in cardiomyocytes.
Proposed Model of mPTP Modulation by GSK-3␤
To summarize the role of GSK-3␤ in cardioprotection, we propose the following model of mPTP-protection against oxidant stress in cardiomyocytes (Figure 2 ). In the basal state, a GSK-3␤ subdomain pool relevant to mitochondrial signaling is active (ie, not phosphorylated) and binds ANT, forming a dynamic complex with phosphorylated VDAC and CyP-D. In the basal state, the so-called antiapoptotic members of the Bcl-2 protein family (eg, BH4-domain-containing proteins such as Bcl-2 and Bcl-x L ) would be held in check in a functional sense by "derepressor," BH3-domain-only-containing proteins (Bad, Bnip3, PUMA, etc) that act as BH4 derepressors. We need to emphasize that our use of the obsolete Bcl-2-descriptive term, "antiapoptotic," is applied here in the context of protection against, primarily, necrotic cell death attributable to mPTP inhibition, and the term "derepressor" is being used in the sense of "opposing BH4 but not activating cell death per se" (ie, to distinguish it from the BH3-containing death effector proteins, eg, BAX, BAK, etc). According to this scheme, GSK-3␤ in the active (basal) state may participate by modulating the interaction between mPTP-regulatory components, ie, ANT and CyP-D (maybe VDAC), as well as the binding of various Bcl-2 family proteins. These interactions can contribute to maintaining a balance between opposing influences of these members of the Bcl-2 family proteins, the antiapoptotic BH4-related proteins and the derepressor BH3-only proteins, thus producing the basal state of mPTP resistance to pore induction. Kinase signaling-dependent forms of ischemic/pharmacological preor postconditioning results in the "protection state," which is associated with the phosphorylation and therefore inactivation of GSK-3␤, which leads directly (or indirectly, by involving dephosphorylation of VDAC and the release of both VDAC and CyP-D from the GSK-3␤-bound pool of ANT) to a shift in the balance within the Bcl-2 family of proteins in favor of antiapoptotic proteins. Released, dephosphorylated VDAC exhibits increased affinity to HKII, as well as increased binding to BH4-domain-containing species, ie, Bcl-2 and BcL-x L . These interactions also result in inhibition of VDAC activity, which in turn may play some role in reducing cell death. 72 Diminishing the interaction between VDAC-ANT-CyP-D may also participate in inducing this shift in the balance within the Bcl-2 family of proteins in favor of antiapoptotic proteins, resulting in an increase in the ROS threshold for mPTP induction. It should be mentioned that VDACs are dispensable for mPTP formation, and there is currently no direct evidence about their mPTP-regulatory role either, 59, 130 so the actual mechanism here remains uncertain. We submit that the model, as it is presented here, may require revision as new data become available.
Conclusion
Numerous lines of evidence suggest that the mPTP is a key end effector of ischemic/pharmacological pre-and postconditioning. Reduction of infarct size could be achieved by increasing the resistance of cardiomyocytes against oxidant stress by increasing the mPTP-ROS threshold. Because mPTP induction is also associated with a ROS burst, which can be propagated to neighboring mitochondria and cells causing further mPTP induction via ROS-induced ROS release, this protection will simultaneously reduce the magnitude of the reperfusion ROS burst, which would simulate an "antioxidant-like" effect.
This review reflects recent research findings regarding signaling pathways activated during pre-and postconditioning. It highlights the prosurvival role of acutely inhibiting a mitochondrial-associated microdomain pool of GSK-3␤, and it portrays this kinase as an integration point where a wide spectrum of upstream protective signaling pathways converges and then conveys a protection signal to the mPTP against ROS stress. Although, in most scenarios, the integration point seems to belong to GSK-3␤, for the sake of logic and completeness, we cannot rule out the possibility that in certain circumstances GSK-3␤ may not be indispensable (eg, chronic adaptations to a genetic GSK-3␤ functional deficiency) and another kinase could take its functional place or could be unmasked as an alternative integration point. Downstream of this GSK-3␤ mechanism, possibly acting through effects on mPTP-regulatory proteins ANT and CyP-D (and possible VDAC), engagement of the Bcl-2 family of proteins (and the regulation of the balance of BH4 versus BH3 actions) appears to transmit the protection signal to control the resistance of the mPTP to oxidant stress. Direct inhibition of GSK-3␤ has been shown to increase the mPTP-ROS threshold and to reduce infarct size, which has sparked interest in GSK-3␤ inhibitors as potential tools in eliciting cardioprotection in clinical settings. Because GSK-3␤ is a multifunctional kinase, widely distributed in many cellular compartments and serving a multitude of other cellular functions, some undesired effects may result from "unspecific" application of GSK-3␤ inhibitors and, in particular, over a chronic time frame. 134 Therefore, caution should be exercised when considering GSK-3␤ as a therapeutic target. The intensive search for downstream targets of the mitochondrial pool of GSK-3␤ could expedite the identification of the mPTP-regulatory elements, provide new insight into their interactions, and could ultimately assist in resolving the identity of the mPTP.
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